MICROFLUIDIC APPARATUS FOR PERFORMING GEL PROTEIN 
EXTRACTIONS AND METHODS FOR USING THE APPARATUS 

RELATED APPLICATIONS 

5 This application claims priority from U.S. S.N. 60/261,21 5, filed January 16, 2001 , and 

U.S.S.N. 60/287,754, filed May 1, 2001, which are incorporated by reference in their entirety. 

FIELD OF THE INVENTION 
The invention relates to an apparatus for performing gel protein extractions and methods 
of using the apparatus. 
1 0 BACKGROUND OF THE INVENTION 

Complex biological processes, including development, differentiation, and signal 
JZ transduction, involve the coordinated expression of multiple genes and proteins, as well as 
□ control of their function. The identification and quantification of multiple proteins that 
Q5 constitute and control a particular process is important for understanding the regulation of 
( "2 biological systems. Additionally, the ability to monitor the presence or absence of particular 
vB proteins, an increase or decrease in protein expression, a change in protein microheterogeneity, 
p or a combination of these modifications may be used for early diagnosis of a wide spectrum of 
known diseases (1). Proteomics, the large-scale analysis of proteins, will therefore contribute 
u20 greatly to our understanding of gene function in the post-genomics era. 
pi There are several known methods for analyzing proteins in the developing field of 

proteomics. All of these, however, have certain disadvantages associated with them. One 
currently used tool for protein identification and sequencing is mass spectrometry (MS) 
employing matrix-assisted laser desorption/ionization (MALDI) (2,3) and electrospray 
25 ionization (ESI) (4,5). For the analysis of complex protein mixtures such as cell lysates, two- 
dimensional polyacrylamide gel electrophoresis (2-D PAGE) is still the method of choice for 
separating more than thousands of proteins (6,7,8) prior to MALDI-MS or ESI-MS. Prior to 
mass spectrometric analysis, individual protein spots are excised from the gel, washed, in-gel 
reduced, S-alkylated, and in-gel digested with an excess of trypsin. Repeated washing, drying, 
30 and swelling of gel pieces are needed between each step of chemical or enzymatic reaction. 
Peptides are then extracted using aqueous/organic mixtures at acidic or basic conditions and 
prepared for peptide mass mapping or sequencing using MALDI or ESI-MS (9,10). All of 
these procedures are time-consuming tasks prone to sample loss and analyte dilution. 

Due to its ability to provide detailed views of thousands of proteins expressed by an 
35 organism or cell type. 2-D PAGE has been a primary tool for comparative studies of proteins, 
for example, between normal and cancerous cells (44,45,46,47). The two dimensions of a 2-D 
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PAGE separation are isoelectric focusing in a pH gradient and SDS-PAGE. Each protein spot 
provides a rough measure of isoelectric point (pi) and molecular weight of the protein within 
5-10%. Extremely high resolution of 2-D PAGE for protein separation is achieved by working 
under denaturing conditions. Attempts to perform native 2-D electrophoresis result in 2-D 
5 protein patterns with poor reproducibility, smears, and less distinct protein spots (7). In 
addition, the advantages of SDS-PAGE are that virtually all proteins are soluble in SDS and 
the range of relative molecular mass from 10,000 to 300,000 is readily covered. 2-D PAGE 
has assumed a major role in "proteomics". 

However, 2-D PAGE is a relatively slow, labor intensive, and cumbersome technology. 
10 Presently, protein identification and the study of protein modifications generally involve the 
L , separate excision, proteolytic digestion, peptide extraction, and mass spectrometric analysis of 

0 each "spot" (5,9,1 0,1 1 ,48,49,50). Concomitant sensitivity limitations are introduced by the 
£ necessary sample handling. Other approaches include the use of thin gel for direct protein 
J! identification (51) and membrane electroblotting for protein transfer, followed by direct 

Uj 5 protein scanning or on-membrane proteolytic digestion and peptide detection using MALDI- 
s MS (52,53,54,55). Moreover, 2-D PAGE results from different laboratories can be difficult to 

rf compare, and sensitivity is limited by the amount of a protein needed to visualize a spot, 
H 5 typically in the low-nanogram range for silver staining. 

p A recent study (11), has demonstrated a disadvantage of 2-D PAGE in that only the 

1 y 20 higher abundance proteins were identified by the 2-D PAGE-MS strategies. The results 

indicated that more than half of all yeast proteins with lower abundance were not amenable to 
be studied by current 2-D PAGE-MS approaches. This conclusion is consistent with the 
combined results of other yeast proteome 2-D PAGE-MS studies that have yielded a combined 
total of only -500 identified proteins. Thus, important classes of regulatory proteins involved 

25 in signal transduction and gene expression, for example, and other lower abundant proteins 
remain unidentified by the current 2-D PAGE-MS methodologies. 

One obvious approach to increase the detection capability of low abundant proteins is 
to raise the protein loading from 0.5 mg to 50 mg, clearly exceeding the capacity of 2-D 
PAGE (11). The extracted peptides from the spots on SDS-PAGE are fractionated and 

30 analyzed using various chromatography techniques and MS/MS. Another approach will be to 
separate the proteins into a number of fractions before 2-D PAGE in addition to the use of a 
series of narrow pH range gels (12). The disadvantage of these strategies, however, is that 
they all require much larger amounts of protein along with many additional 2-D PAGE and 
chromatography separations, and therefore may be impractical for studies of small cell 

35 populations or tissue samples. 
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Thus, significant research efforts have been reported in the literature toward providing 
better linkage between 2-D PAGE and mass spectrometric analysis. For example, Ekstrom et 
al. (56) have combined several silicon micromachined analytical tools, including the 
microchip immobilized enzyme reactor, the piezoelectric microdispenser, and the high-density 
5 nanovial target plates, into an integrated platform for performing rapid protein digestion and 
subsequent picoliter sample preparation in a high-density format for MALDI-MS. Harrison 
and coworkers (57) have reported the integration of immobilized trypsin beads within a glass 
chip for protein digestion followed by on-chip capillary electrophoresis separations and ESI- 
MS detection. 

10 Togawa et al, (77), Gombocz et al, (78,79), Doering et al, (80), Peck et al, (81), 

Kambara et al., (83), and Yefimov et al., (84) all disclose apparatuses for extracting protein 
O from a gel. However, none of these disclose methods of increasing the speed of transfer, or 
jE supply methods of concentrating the transferred proteins. Liao et al, (82) describe a method 
J'J for concentrating proteins, but not methods relating to 2D gel electrophoresis. 
U!l 5 Still, the limiting factor for linking 2-D PAGE with mass spectrometric analysis lies in 

the effective and rapid recovery of peptides, in particular those from low-abundance proteins, 
from in-gel digestion as well as the extraction and the transfer of gel proteins for sequential or 
K- parallel proteolytic digestion (9,58,59). There is a need in the art for a method of rapidly 
p=j recovering low abundance peptides from 2-D gel electrophoresis. This invention satisfies that 
s y 20 need by providing apparatus and methods for performing gel extractions. 

SUMMARY OF THE INVENTION 

The invention is directed to a microfluidic apparatus and methods for performing gel 
25 protein extractions using the apparatus. The invention involves rapid and efficient extraction 
of protein analytes directly from 2-D gels using their electrophoretic mobilities, or willingness 
of a molecule to migrate in accordance with its charge under the application of an electric field 
in a conductive solution based medium. It is possible to sequentially or simultaneously 
mobilize several proteins out of gel electrophoresis media and into an apparatus with fluidic 
30 channels filled with an electrolyte solution under the application of a high electric field. Once 
inside the fluidic channels, proteins can be transferred to a miniaturized membrane digestion 
reactor by pressure or electrokinetic means. The peptide fragments from each protein analyte 
can be further introduce into a mass spectrometer through fluidic components for protein 
identification and quantification. 
35 In order to identify the minor proteins being expressed by the cells, the present invention 

involves no manual sample transfer or dilution steps. Additionally, concentration of extracted 
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proteins in the fluidic channels can be achieved using electrokinetic stacking. The present 
apparatus in combination with mass spectrometry will allow automated, rapid, high resolution, 
and high throughput identification and quantification of proteins separated in a 2-D gel for 
proteomics analysis. 

5 One embodiment of the invention is a microfluidic apparatus comprising a housing with 

a cover, the cover being capable of pressurization. The cover contains one or more holes, 
apertures, or ports, through which is disposed a sleeve, a single sleeve fitting within a single 
hole. Disposed through the cover through the sleeve is a fluidic channel. In some 
embodiments a single fluidic channel is disposed trough the cover and sleeve. In other 
10 embodiments a plurality of fluidic channels are disposed therethrough. 

Inside the housing is placed a gel, containing one or more proteins to be extracted, and 

M- 

Q an electrolyte solution. The gel can be made of a variety of suitable materials, including 

j* polyacrylamide or agarose, and can be a variety of thicknesses, preferably between about 100 

fxm and about 1mm thick. In another embodiment, the gel can be a gradient gel ranging from 
lit 5 about 4% to about 20% polyacrylamide, and can be composed of Tris/Tricine SDS 

polyacrylamide. 

p In some embodiments, the gel could have been used for ID or 2D gel electrophoresis. 

M; The electrolyte solution covering the gel and in the housing can be selected from a variety of 

LP 

$4 materials, including buffers. In one embodiment, the electrolyte solution is Tris-HCL with a 
RJ20 concentration up to 25 mM, at about pH 6.8. 

The housing also contains a ground electrode. One end of one or many fluidic channels, 
containing electrolyte solution, are passed through the cover into the housing, and secured at 
the surface of the gel. The second end(s) of the fluidic channel(s) are located in a separate 
outlet reservoir of electrolyte solution. An outlet electrode is also located in this reservoir, 
25 which can be of any suitable materials, including platinum or gold. In some embodiments, the 
electrode is made of a thin film of metal that is placed into a glass or plastic substrate. 

In some embodiments, a detector is placed adjacent to the fluidic channel near the outlet 
reservoir for monitoring extracted proteins. More preferably, the detector can be a UV 
absorbance detector or a fluorescence emission detector. 
30 A high voltage power supply is electrically connected to the outlet electrode for applying 

an electric field across the length of the fluidic channel. This electric field can vary in strength, 
preferably between about 100 to about 1000 V/cm. As stated above, either a single or multiple 
fluidic channels may be used. If multiple channels are used, the channels can be connected to 
the high voltage power supply through an array of switches allowing different channels to be 
35 activated separately or simultaneously. 
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In another embodiment of the invention, the flnidic channels are capillaries, or more 
specifically, fused silica capillaries. The capillaries are also microscale in diameter. They have 
outer diameters ranging from about 100 to about 500 jum, and inner diameters that range from 
about 5 to about 100 /xm. The channels can be of any length, preferably ranging between about 
5 1 and 50 cm. The channels can be constructed of any suitable substrates, including a planar 
glass or planar plastic substrate. In some embodiments, the channels are coated with 
hydrophilic polymers such as polyacrylamide. If a plurality of channels are used, then the 
plurality can be arranged in an array when disposed near the surface of the gel. 

In another embodiment of the invention, the apparatus described above should be able to 
10 extract proteins in 10 minutes when used for some applications, and under two minutes in 
H> other applications. 

g The invention also is directed to methods for extracting proteins from a gel by using the 

+: apparatuses disclosed herein. In one embodiment, one or more proteins are transferred out of 
%J a gel. The first end of a channel described above is secured adjacent to a gel. When an electric 
J=J15 field is applied across the channel, proteins are extracted from the gel, and stack at the first end 

of the channel. The proteins are then transferred to the second end of the channel by stopping 
N: the electric field after the proteins have stacked in the first end of the channel, removing the 
lZ first end from the gel, and transferring it into a reservoir of fresh electrolyte solution. The high 
D electric field is then reapplied, so that the proteins are transferred to the second end of the 
20 channel. In another embodiment, instead of repositioning the first end of the channel from the 
gel to a reservoir after gel protein extraction, the first end can remain in contact with the gel 
for continuous protein extraction. At the same time, the extracted proteins are transferred to 
the second end of the channel under the influence of the electric field 

In another embodiment of the invention, the proteins are transferred from the first end to 
25 the second end of the channel by raising the channel slightly above the gel, and pressurizing 
the housing so that the proteins are transferred to the second end. 

In yet another embodiment of the invention, the proteins are transferred from the first 
end to the second end of the channel, by raising the channel slightly above the gel, and 
applying negative pressure to the second end of the channel, so that the proteins are transferred 
30 to the second end. 

In yet another embodiment of the invention, the transferred proteins are then sent 
directly to a micro membrane reactor containing proteolytic enzymes for digestion. The 
proteins could also be sent directly to a column reactor containing particles or beads with 
proteolytic enzymes immobilized on them for digestion. The channels themselves could also 
35 contain these particles or beads with immobilized proteolytic enzymes for digestion. 
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In another embodiment, the proteins to be transferred are subject to in-gel digestion. The 
digestion could also take place on membranes placed between the gel and the channel. The 
proteolytic enzymes could also be in solution inside the channel. These digested proteins could 
be transferred directly to a mass spectrometer from the first or second end of the channel. They 
5 could also be similarly directly transferred to a MALDI target plate for further analysis with a 
mass spectrometer. 

In another embodiment of the invention, the enzyme used for digestion is trypsin. In 
another embodiment of the invention, the locations to place the channels are visualized. These 
locations can be visualized through the use of Coomassie blue, silver staining, or SYPRO 
1 0 fluorescent dyes, 
g BRIEF DESCRIPTION OF THE DRAWINGS 

Si FIG. 1 schematically illustrates an example of a gel protein extraction apparatus. 

yJj FIG. 2 schematically illustrates a component-level platform for rapid and sensitive 

yj 1 5 identification of proteins resolved on polyacrylamide gels. 

O FIG. 3 illustrates Electrophero grams of (A) electrokinetically injected SDS-cytochrome C 

j[7 complex in CZE with a concentration of 0.5 mg/ml and (B) extracted SDS-cytochrome C 

Ul complex from SDS-PAGE with a protein loading of 100 ng.. 

fy FIG. 4 illustrates (a) exploded view of a gPEP cartridge, and (b) assembled cartridge including 

20 laser-induced fluorescence detection system (drawings not to scale). 

DETAILED DESCRIPTION 

The microfluidic apparatus of the present invention which is used to perform gel protein 
25 extractions allows the transfer of proteins directly from a gel to a fluidic channel by exploiting 
electrophoretic extraction. The invention harnesses electrophoretic forces to mobilize proteins 
from the gel and concentrate them in the fluidic channel tip. The small dimensions of fluidic 
channels not only allows the application of high electric voltages during electrophoretic 
extraction for rapid and quantitative protein transfer, but also offers the promise of providing 
30 the high resolution analysis of overlapping protein spots on gels. Furthermore, the presence of 
sample stacking and the absence of electroosmotic pumping (an electrically-driven pump 
originated from negatively charged silica surface for bulk solution movement) in the channel 
contribute to significant increase in protein concentration inside a narrow solution plug during 
protein extraction. 

35 The method of protein extraction is performed by using the apparatus of the present 

invention, as illustrated in Fig. 1 . In this apparatus, a fluidic channel 1 is fed through a 
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housing cover 3 and is held in position by a sleeve 2. The fluidic channel is held in place over 
a specific position on a gel 5. The gel may have undergone ID or 2D gel electrophoresis. 
Once gel electrophoresis has been completed, the gel is washed, stained, and equilibrated, and 
then is placed in the apparatus housing 8 with electrical contact to a ground electrode 7. The 
5 fluidic channels are then placed over and put in contact with the desired spot on the gel, either 
by manual or robotic controls. An electric potential is then applied at the outlet reservoir 9 
from a high voltage power supply 10 through an electrode 4. The resultant potential drop 
across the length of the fluidic channel, and subsequently at the fluidic channel-gel interface, 
and through the gel to the ground, provide a high electric field in the region of protein 
10 extraction. 

rf Under this high electric field, SDS denatured proteins migrate into the fluidic channel. 

□ After a chosen extraction time, the potential is removed and the fluidic channel is repositioned 
Tz to a reservoir filled with an electrolyte solution. The potential is then reapplied, and the 
y protein band electrophoretically migrates through the fluidic channel and past an optional 
y3 : 15 detector. In an alternate approach, the fluidic channel is slightly raised above the gel once the 
potential is initially removed, whereupon the gel chamber is pressurized. In this embodiment, 
H the protein band is hydrodynamically mobilized past the detector. In another embodiment, 
m instead of repositioning the first end of the channel from the gel to a reservoir after gel protein 
:f! extraction, the first end can remain in contact with the gel for continuous protein extraction. 
20 At the same time, the extracted proteins are transferred to the second end of the channel under 
the influence of the electric field 

Additional embodiments of the apparatus and methods of the present invention include 
the use of micro membrane reactors for protein digestion, coupled with mass spectrometry for 
further analysis of the proteins. In such embodiments, the proteins can be either 
25 electrokinetically or hydrodynamically mobilized through a micro-membrane reactor where 
protein digestion occurs. The resultant peptides are mobilized through fluidic components and 
introduced into a mass spectrometer for further analysis. The protein analyte can then be 
identified using database searching of the peptide mass fingerprints from the resulting mass 
spectrum. 

30 The speed and the effectiveness of protein electroelution are dependent on the potential 

drop and the electric field strength at the fluidic channel/gel interface. Thus, several important 
factors, including channel position relative to a gel, electrophoresis buffer concentration, 
channel dimensions, and gel thickness, are important for electronic protein transfer. 
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Furthermore, head column stacking in the present gel protein extraction apparatus is exploited 
for preconcentration of extracted protein analytes. 
Basic Apparatus Elements 

As illustrated in Fig. 1, the apparatus of the invention comprises a housing 8 overlaid 
5 with an apparatus cover 3, wherein the housing has disposed therein a gel 5 containing one or 
more proteins to be extracted and an electrolyte solution 6. A first end of the one or more 
fluidic channels 1 is passed through the cover and secured in fashion so that the one or more 
fluidic channels are positioned adjacent to a location on the gel disposed within the housing. 
The gel contains the protein materials to be extracted from the gel and transferred through the 
10 channels. 

H The apparatus also comprises one or more outlet reservoirs 9 having disposed therein an 

% electrolyte solution, a first end of one or more outlet electrodes 4, and the second end of the 
Si one or more fluidic channels 1 . A high voltage power supply is attached to the second end of 
ft the outlet electrodes for applying an electric field across the length of the one or more fluidic 
y 15 channels. 

art 

~f The housing 8 of the apparatus is constructed so as to be able to contain therein a gel 5 

and an electrolyte solution 6. In one embodiment, the housing contains a ground electrode 7. 
In another embodiment, the housing can hold enough electrolyte solution 6 so that the gel 5 

y disposed within it would be submerged in the electrolyte solution. In yet another embodiment, 
20 the housing is air tight, so that with the appropriate cover 3, the inside of the housing could be 
pressurized. 

The cover 3 of the apparatus is constructed to cover the gel 5 disposed within the 
housing, and to allow one or more fluidic channels 1 through the housing to be positioned on 
or near the gel within. The housing cover 3 includes one or more apertures, holes or ports with 
25 one or more sleeves 2 disposed therethrough. Each aperture, hole, or port has a single sleeve 
disposed therethrough. The sleeve can be constructed out of any suitable material, including 
polymers. The main function of this sleeve is to position the fluidic channel above the protein 
spot on the gel, while simultaneously disallowing penetration of the fluidic channel through 
the surface of the gel. 

30 The channels 1 are thus disposed through the housing cover 3 through the sleeves 2. In 

one embodiment of the apparatus, there is a single channel disposed through a single sleeve in 
the housing cover. In another embodiment, the cover 3 has disposed therethrough a plurality of 
sleeves 2, each sleeve allowing a fluidic channel to pass therethrough. In such an embodiment, 



8 



the fluidic channels could be arranged in an array which contacts the gel 5. The channels could 
be positioned sequentially at various gel locations using a manual or automated positioning 
system, enabling individual or groups of fluidic channels within the array to sequentially or 
simultaneously extract multiple proteins from the various locations using a single extraction 
5 apparatus. 

The gel 5 disposed within the housing can be made out of any suitable material known to 
one skilled in the art. The gel can be either a pre-cast commercially available gel, or a gel cast 
in-house. Exemplary suitable gel materials include polyacrylamide and agarose. In one 
\ embodiment, the gel is a gradient gel with a range of about 4% to about 20% polyacrylamide. 

10 In another embodiment the gel is a Tris/Tricine SDS polyacrylamide gel. In yet another 
H; embodiment, the gel is one which had been used to perform ID or 2D gel electrophoresis. 
Q Once gel electrophoresis has been completed, the gel is washed, stained, and equilibrated with 
Ti electrophoresis buffer, and then placed in the apparatus housing 8 with electrical contact to a 
ground electrode 7. 

^15 The gels can also be a variety of thicknesses, preferably ranging between about 1 mm 

D and about 100 fim thick. In one embodiment, the gels disposed within the housing can be 
y. ultra-thin-layer gels. Ultra-thin-layer SDS gel electrophoresis has been used in conjunction 
Jf j with automated fluorescence detection for rapid, high throughput, and high resolution analysis 
flj of proteins in the molecular mass range of 14-1 16 kDa (74,75). The good heat dissipation 
20 inherent to the ultrathin (190 pm) format enables the use of agarose and agarose-based 

composite separation matrixes, which can be easily replaced within the separation platform. 
In addition to the rapid and high efficiency separations, the use of thinner gels may greatly 
facilitate the electronic protein transfer through the reductions in protein migration distance 
across the gel and the distance between grounding wire and channel extraction end (see Fig. 
25 1). The electric field at the channel tip increases with decreasing electrode distance (72). By 
utilizing different spacers and combs, polyacrylamide gels with various thicknesses, including 
1.0 mm, 0.75 mm, and 0.50 mm can be fabricated and employed. 

The fluidic channel 1 of the apparatus is constructed to allow an electric potential to be 
created along its length for the purpose of extracting a protein from a gel 5. A fluidic channel 
30 is a passage, chamber, or conduit for transporting fluids. The channel can be of almost any 

length, and in one embodiment the channel is preferably between about 1 cm and about 50 cm 
long. The channel can also be a microscale fluidic channel. In another preferred embodiment, 
the channel is a capillary, even more preferably a fused silica capillary. In such an 
embodiment, the channel can have an inner diameter ranging between about 5 fxm and about 
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100 /xm and an outer diameter ranging between about 100 fxm and about 500 /zm. In another 
embodiment of the invention, the channel 1 is shaped in such a way, that the transferred 
proteins stack inside of it, and in some applications the transfer can take as little as two 
minutes. In other applications, the transfer can take as little as 10 minutes. 

5 In another embodiment of the invention, one or more fluidic channels are joined with 

one or more fluidic holding channels. In this embodiment, one or more fluidic extraction 
channels containing an electrolyte solution have a first end disposed through the apparatus 
cover and are secured in place at the gel interface. The second end of the extraction fluidic 
channel joins with the first end of a fluidic holding channel containing an electrolyte solution. 
10 The second end of the one or more fluidic holding channel ends in one or more outlet 
y, reservoirs 9 containing an electrolyte solution and a first end of an outlet electrode 4. A high 
52 voltage power supply is attached to the second ends of the one or more outlet electrodes 
*F through an array of switches allowing one or more fluidic channels to be selected for 
Sj extraction and not others. 

yyl 5 The fluidic channels are positioned over desired locations on the gel, either via robotic or 

q manual control. In some embodiments the desired location is directly over a spot on the gel 
H where the protein to be extracted is located. In some embodiments, therefore, the proteins to 
iff be transferred need to be visualized. The visualization can be done using any one of a number 
~1 of optically detectable elements known to one of skill in the art, including Coomassie blue, 
20 silver staining, or fluorescent dyes, more preferably SYPRO fluorescent dyes. 

Accordingly in some embodiments, the proteins are visualized to ascertain where to 
place the extraction channels. The current protein loading limitation (50-100 ng/spot) on 
polyacrylamide gels for capillary extraction studies lies in the visualization of protein spots 
using Coomassie blue staining and is in good agreement with those (0,1-0.2 pg/spot) reported 

25 in the literature (76). To enhance the visualization of protein spots on gels, silver staining is a 
popular and more sensitive method with a detection limit between 1 and 1 0 ng (76). Despite 
its complicated and poorly defined binding mechanism, it is well known that silver has 
variable binding characteristics towards many proteins and a relatively low dynamic range 
(75). Many of the fixation techniques in silver staining, including the use of glutaraldehyde, 

30 can cross-link the proteins and prevent efficient off- or in-gel digestion by trypsin or other 
proteases (35,36,37). Furthermore, silver ions interfere with mass spectrometric analysis, 
including ESI-MS and MALDI-MS (35,36). Though glutaraldehyde can be omitted from 
silver stain formulations to improve compatibility with mass spectrometry, detection 
sensitivity is compromised. Peptide yields from solvent extractions of silver stained proteins 
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are often lower than those obtained from coomassie blue-stained proteins unless extra 
laborious destaining and washing steps are included in the protocol (9,38). 

A number of studies have demonstrated protein visualization on SDS-PAGE using 
fluorescent dyes (60,74,75,34,37,39), in particular, SYPRO fluorescent dyes such as SYPRO 
5 Orange, SYPRO Red, and SYPRO Ruby are commercially available from Molecular Probes. 
Although the structures for these products are not in the public domain, it has been reported 
that SYPRO Ruby dye is a transition metal organic complex that binds directly to proteins by 
an electrostatic mechanism (40,41). SYPRO Orange and Red dyes are organic fluorophores 
that interact with proteins by intercalating into SDS micelles (60,41). Both probes are non- 
10 fluorescent in water but highly fluorescent in detergent, in which they take advantage of SDS 
binding to proteins (1 A g of SDS/g of protein) to build a fluorescence-promoting environment. 
□ Comparison of SYPRO dyes with silver staining in SDS gels has shown that this class of 
Jl fluorescent dyes detects polypeptides with sensitivity similar to that obtained by silver staining 

(60,34,37). Binding of the dyes to the protein is stoichiometric and fluorescence is related to 
yyl5 the amount of dye binding, therefore, the dynamic range is three orders of magnitude greater 
L than for silver staining (34). Moreover, it has been shown that proteins detected by SYPRO 
H 8 staining are compatible with MALDI-MS analysis (37,40). To enhance the visualization of 
jfj protein spots with 1-100 ng protein loading, SYPRO dyes can be applied for 
postelectrophoretic staining of proteins separated by SDS-PAGE. 

20 As discussed above, the fluidic channels 1 are disposed through the sleeves 2 in the 

housing cover 3 and are placed in their desired locations at the gel interface. A variety of 
substrate materials may be utilized to construct the channels. Typically, because the channels 
are microfabricated, substrate materials will be selected based upon their compatibility with 
known microfabrication techniques, e.g., photolithography, wet chemical etching, laser 

25 ablation, air abrasion techniques, injection molding, embossing, and other techniques. The 
substrate materials are also generally selected for their compatibility with the full range of 
conditions to which the channels may be exposed, including extremes of pH, temperature, salt 
concentration, and application of electric fields. Accordingly, in some preferred aspects, the 
substrate material may include materials normally associated with the semiconductor industry 

30 in which such microfabrication techniques are regularly employed, including, e.g., silica based 
substrates, such as glass, quartz, silicon or polysilicon, as well as other substrate materials, 
such as gallium arsenide and the like. One preferred embodiment of the channel of the present 
invention includes a planar glass substrate. Additionally, it will often be desirable to provide 
an insulating coating or layer, e.g., silicon oxide, over the substrate material, and particularly 
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in those applications where electric fields are to be applied to the device or its contents. 
Accordingly, in another preferred embodiment, the channel is coated with insulating layer. 

In additional preferred aspects, the substrate materials will comprise polymeric 
materials, e.g., plastics, such as polymethylmethacrylate (PMMA), polycarbonate, 
5 polytetrafluoroetylene (TEFLON.TM.), polyvinylchloride (PVC), polydimethylsiloxane 
(PDMS), polysulfone, polystyrene, polymethylpentene, polypropylene, polyethylene, 
polyvinylidine fluoride, ABS (acrylonitrile-butadiene-styrene copolymer), and the like. In one 
preferred embodiment, the inner surface of the channel is coated with a hydrophilic polymer, 
including either polyacrylamide or agarose. Such polymeric substrates are readily 
10 manufactured using available micro fabrication techniques, as described above, or from 
3 microfabricated masters, using well known molding techniques, such as injection molding, 

embossing or stamping, or by polymerizing the polymeric precursor material within the mold 
4 : (See U.S. Pat. No. 5,512,131). Such polymeric substrate materials are preferred for their ease 
1 of manufacture, low cost and disposability, as well as their general inertness to most extreme 
"15 reaction conditions. Again, these polymeric materials may include treated surfaces, e.g., 
derivatized or coated surfaces, to enhance their utility in the microfluidic system. 

I In another embodiment the channel 1 is filled with an electrolyte solution. The 

I electrolyte solution 6 is disposed around the channel 1 and the portion of the gel 5 where the 
channel is placed near. The electrolyte solution can contain a buffer, more preferably an 

20 electrophoresis buffer, or a salt. In one embodiment, the electrolyte solution contains Tris- 
HC1, up to a concentration of about 25 mM. The electrolyte solution can have a pH over a 
broad range of pH values, with a preferred pH ranging between 6 and 1 0, more preferably with 
a pH of about 6.8. In some embodiments, the electrolyte solution completely covers the gel 
disposed within the housing. In other embodiments, the electrolyte solution covers only the 

25 area of the gel around where the channel is placed on or near the gel. 

The outlet reservoir 9 of the apparatus is a reservoir of electrolyte solution separate from 
the electrolyte solution 6 in the housing. In one embodiment, the outlet reservoir contains the 
first end of an outlet electrode 4. Additionally, the second end of the fluidic channel 1 is 
placed in the outlet reservoir. In another embodiment, the second ends of a plurality of fluidic 
30 channels are placed in the outlet reservoir. In yet another embodiment the second ends of a 
plurality of fluidic channels are placed in a plurality of outlet reservoirs, in a one to one ratio, 
so that each outlet reservoir contains one end of one channel. 
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The apparatus and methods of the present invention preferably employ electrokinetic 
transport systems for manipulating fluids and other materials within the microfluidic channel 
networks. As used herein, "electrokinetic material transport systems" include systems which 
transport and direct materials within an interconnected channel and/or chamber containing 
structure, through the application of electrical fields to the materials, thereby causing material 
movement through and among the channel and/or chambers, i.e., positively charged species 
will generally be attracted to the negative electrode, while negative ions will be attracted to the 
positive electrode. 

Such electrokinetic material transport and direction systems include those systems that 
rely upon the electrophoretic mobility of charged species within the electric field applied to 
the structure. Such systems are more particularly referred to as electrophoretic material 
transport systems. Other electrokinetic material direction and transport systems rely upon the 
electroosmotic flow of fluid and material within a channel or chamber structure which results 
from the application of an electric field across such structures. In brief, when a fluid is placed 
into a channel which has a surface bearing charged functional groups, e.g., silanol groups in 
etched glass channels or glass microcapillaries, those groups can ionize. In the case of silanol 
functional groups, this ionization, e.g., at neutral pH, results in a negatively charged surface, 
creating a concentration of counterions such as cations at near the fluid/surface interface, or a 
positively charged sheath surrounding the bulk fluid in the channel. Application of a voltage 
gradient across the length of the channel, will cause the positively charged sheath to move in 
the direction of the voltage drop, i.e., toward the negative electrode. Although described as 
electrophoretic or electroosmotic, the material transport systems used in conjunction with the 
present invention could in some case rely upon a combination of electrophoretic and 
electroosmotic transporting forces to move materials. 

The outlet electrode 4 of the apparatus is an electrode contained within the outlet 
reservoir. In one embodiment, this outlet electrode is made of any suitable materials, 
including metals, more preferably platinum or gold. In another embodiment, the outlet 
electrode can be a thin film of metal integrated into a variety of substrates, including glass or 
plastic. In another embodiment multiple outlet reservoirs 9 each contain one outlet electrode. 

The power supply is electronically connected to the outlet electrode 4. In one 
embodiment, it is attached to the second end of the outlet electrode. In another embodiment, 
the power supply is capable of producing an electric field across the fluidic channel between 
about 100 V/cm and about 1000 V/cm. In another embodiment, the power supply is capable of 
being attached to multiple electrodes in multiple outlet reservoirs 9. In another embodiment, 
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the power supply is capable of producing different electric field strengths along different 
fluidic channels 1 at the same time. 

There is a continuous current drop during the extraction period. This current drop 
implies the depletion of electrolytes at the fluidic channel/gel interface and the generation of a 
5 low-conductivity solution plug at the extraction end of the channel. Thus, a higher voltage 
drop per channel length occurs across the small plug of low-conductivity buffer than that 
present in the rest of the fluidic channel. The presence of a higher electric field strength near 
the extraction end of the channel not only promotes the electroelution of SDS-protein 
complexes, but also offers sample stacking/concentration as the result of field-amplification 
10 (13,14,15,16). The complexes that enter the channel rapidly migrate to the front of the low- 
Jl! conductivity solution plug due to the presence of the higher electric field strength. At that 
O point they encounter a lower electric field strength and slow down. The process literally 
£1 stacks the extracted protein complexes at the front of the low-conductivity solution 
plug/background electrolyte interface. 

"45 Both the outlet reservoir (see Fig. 1) and the channel can be filled with 20 mM Tris at pH 

Q 6.8. However, the same electrolyte solutions at lower concentrations are employed for 
Li = establishing the electric contact between the gel and the grounding wire. Dependence of 
Jjj electrolyte depletion at the channel/gel solution interface on protein extraction can therefore be 
fU examined in different applications by lowering the electrolyte concentration at the interface. 
20 Nevertheless, the decrease in electrolyte concentration may affect the buffering capacity and 
the ability to maintain electric contact at the interface. Thus, head column stacking (71) can 
also be optimized for protein extraction and sample preconcentration, for different conditions 
by manipulating the electrolyte concentration. 

In another embodiment of the invention, instead of using an electrophoresis buffer with 
25 lower concentrations at the channel/gel interface, the entire gel protein extraction apparatus is 
initially filled with 20 mM Tris at pH 6.8. Pressure injection of a plug of water will be 
performed prior to channel extraction. The presence of a water plug at the head of the channel 
creates a nonuniform electric field distribution across the channel upon the application of a 
positive electric voltage at the outlet reservoir for protein extraction and concentration. 
30 Assuming that length xL of the column is filled with water and length (\-x)L of the channel is 
filled with the background electrolyte, the local electric field strengths in the water plug, E w? 
and in the rest of the capillary, E B , are given by 

E w = yE 0 /[yx + (1~x)] (1) 
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E B = E 0 /[yx + (l-x)] (2) 



where y is the ratio of resistivities of water and 20 mM Tris and E 0 = V/L is the field strength 
5 of a uniform system, whether it is water or 20 mM Tris. Although the absolute values of the 
electric field strength in these two regions will depend on x, the ratio between them as y (E W /E B 
= y) will remain a constant (13,14,15,16). 

In the absence of electroosmotic pumping inside the coated channels, the plug of water 
stays at the extraction end. A longer water plug may support an even larger amount of protein 
1 0 extraction (with longer extraction time) and greater protein preconcentration at the front of the 
: _ water plug/background electrolyte interface. However, a shorter water plug allows the 
O presence of a higher electric field strength at the extraction end for rapid and effective protein 

extraction. Thus, the combination of head column stacking with channel extraction of gel 
n proteins can be optimized by considering the speed of protein transfer, the concentration of 
Ul 5 extracted protein, and the extent in the recovery of gel proteins. In addition, the introduction 
J of the water plug reduces the average conductivity and the electric current across the capillary, 
allowing the application of even higher electric voltages at the outlet reservoir for further 

juris 

N- enhancement of electronic protein transfer. 

p The electric voltage applied, and therefore the resulting electric field strength across the 

; 20 channel, can be further increased by simply reducing the inner diameter of the channel without 
the negative joule heating effect. Example of fluidic channels which can be used are fused- 
silica capillaries with the dimensions of 50 \im. i.d./150 ^m o.d., 25 ym i.d./150 jam o.d., and 
10 jami.d./150 ym o.d. 

There are a variety of methods for transferring the proteins down the fluidic channel 1 
25 from the first end towards the second end. In one embodiment, the high electric field can be 
turned off, and the first end of the fluidic channel can be removed from its location at the 
channel/gel interface and can be placed in a separate inlet reservoir that contains fresh 
electrolyte buffer. Once the first end of the fluidic channel is in the separate inlet reservoir, the 
electric field can be turned on again In another embodiment, instead of repositioning the first 
30 end of the channel from the gel to a reservoir after gel protein extraction, the first end can 
remain in contact with the gel for continuous protein extraction. At the same time, the 
extracted proteins are transferred to the second end of the channel under the influence of the 
electric field 
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, When the electric field is turned on again, the transferred proteins will migrate toward 
the second end of the fluidic channel. Another method to transfer proteins to the second end of 
the fluidic channel is by lifting the first end slightly above the gel, and applying positive 
pressure inside the housing, or negative pressure to the second end of the channel 

5 Modifications to Allow for Further Analysis of the Extracted Proteins 

The protein which is extracted from the gel and transferred from a first end of a fluidic 
channel to a second end of the fluidic channel can further be analyzed by a variety of 
instruments adjacent to the channel, and/or be transferred to undergo mass spectroscopy or 
other studies. Modifications in the present apparatus allows for the direct analysis of peptides 
10 resulting from digested protein in the gel spot. These modifications allow digestion of the 
Jf extracted proteins with or without sectioning of the gel. The extracted proteins, whether 
q digested or not, can also be subjected to further analysis by mass spectrometry. 

-JL..- 

SI In some embodiments, the present apparatus can include an optical detection window 

l ri disposed across one or more fluidic channels. Optical detection windows are typically 
M5 transparent such that they are capable of transmitting an optical signal from the channel over 
O which they are disposed. Optical detection windows may merely be a region of a transparent 
L substrate containing fluidic channels or a transparent cover layer, e.g., where the cover layer is 

glass or quartz, or a transparent polymer material, e.g., PMMA, polycarbonate, etc. 
fl j Alternatively, where opaque substrates are used in manufacturing the fluidic channels, 
20 transparent detection windows fabricated from the above materials may be separately 

manufactured into the channel. 

In one embodiment of the invention, there can be a detector near one or more outlet 
reservoirs 9 for monitoring extracted proteins. In another embodiment there is a detector near 
one or more fluidic channels monitoring extracted proteins. In additional embodiments of the 
25 invention, the detector is a UV detector or a fluorescence detector. 

In some embodiments of the invention, the proteins can be subject to digestion. In 
another embodiment, the proteins can be denatured in sodium dodecyl sulfate. In some 
embodiments, the proteins are subject to digestion before they are transferred to a fluidic 
channel 1. In these embodiments, the digestion of the proteins could occur in the gel 5. The 
30 proteins could be digested with a variety of suitable proteolytic enzymes, including trypsin. 
The digested proteins could then be fluidically transferred to a mass spectrometer from the 
first end of the fluidic channel. Alternately, they could also be transferred to a MALDI target 
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plate for farther analysis by a mass spectrometer. They could also be transferred from the 
second end of the fluidic channel. 

In other embodiments, the proteins could be digested during their transfer through the 
fluidic channel 1 . The proteins could undergo digestion in a membrane containing 
immobilized proteolytic enzymes positioned between the gel 5 and the first end of the fluidic 
channel. The proteolytic enzyme could be trypsin. The digested proteins could then be 
fluidically transferred to a mass spectrometer from the fluidic channel. They could also be 
transferred to a MALDI target plate for further analysis by a mass spectrometer. 

In another embodiment, the proteins are digested after transfer to the fluidic channel 1. 
As illustrated in Fig. 2, the proteins could be transferred from the fluidic channel to a micro 
membrane reactor containing proteolytic enzymes for digestion. The fluidic channels could 
also contain particles or beads with immobilized proteolytic enzymes on their surface. The 
proteolytic enzyme could be trypsin. The digested proteins could then be fluidically 
transferred to a mass spectrometer from the first end of the fluidic channel. They could also be 
transferred to a MALDI target plate for further analysis by a mass spectrometer. They could 
also be transferred from the second end of the fluidic channel. 

Parameters of One Specific Embodiment of the Apparatus of the Invention 

One embodiment of the gel protein capillary extraction apparatus of the invention (see 
Fig. 1) has been developed for rapidly and effectively transferring protein analytes from 
polyacrylamide gel to fused-silica capillary. The fused-silica capillaries (50 \xm i.d./192 (am 
o.d.) are internally coated with polyacrylamide (61,62,63) for the elimination of 
electroosmotic flow and protein adsorption onto the capillary wall. Both the outlet reservoir 
and the capillary are filled with electrophoresis buffer of 20 mM Tris at pH 6.8. A positive 
electric voltage of 7.4 kV is applied at the outlet reservoir through a platinum electrode and 
generates an electric field strength of 200 V/cm over a 37-cm total capillary length. The gel in 
contact with the electrophoresis buffer is connected to a common ground. A UV detector is 
placed near the outlet reservoir (7 cm to the end of the capillary) for monitoring the transferred 
proteins. 

Precasted gradient gels (4-20% total monomer concentration) are employed in this 
study and the proteins resolved on the gradient gels are visualized using coomassie blue 
staining. Each gel is rinsed in water and washed two times with 10% SDS for a total of 40 
minutes. The gels are rinsed again with water and equilibrated with 20 mM Tris at pH 6.8. 
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Finally, each gel containing the resolved and stained proteins is placed in our gel protein 
capillary extraction apparatus for mechanistic studies of electronic protein transfer. 

The electric current, measured by the current-monitoring method (64), continuously 
decreases from 9 uA to 6 \xA during the two minutes of the protein extraction process. This 
continuous current drop indicates the depletion of limited electrolytes near the end of the 
capillary during the extraction period. In addition, the extracted protein analytes are present in 
the low conductivity zone containing depleted electrolytes which contribute to field- 
amplification and sample stacking/concentration (13,14,15,16). After the 2-minute protein 
extraction, the high- voltage power supply is turned off and the end of the capillary facing the 
gel is lifted and placed in an inlet reservoir containing electrophoresis buffer. The platinum 
electrode in the inlet reservoir is connected to a common ground. Once the positive electric 
voltage is applied again at the outlet reservoir, the current is restored to 9 \xA and the 
negatively charged SDS-protein complexes electrophoretically migrate toward the anodic end 
at the outlet reservoir. In another embodiment, instead of repositioning the first end of the 
channel from the gel to a reservoir after gel protein extraction, the first end can remain in 
contact with the gel for continuous protein extraction. At the same time, the extracted proteins 
are transferred to the second end of the channel under the influence of the electric field. 
Advantages of the Apparatus of the Present Invention 

The herein described high- voltage electronic transfer of proteins can be at least two 
20 orders of magnitude faster than the conventional electroelution and membrane electroblotting 
processes which takes 3-18 hours to complete (59,65,66,67). A key to such rapid and effective 
protein transfer includes the use of small dimension fluidic channels (e.g., 50 ^m i.d./192 ^m 
o.d.) in physical contact with the gel, which provides a large potential drop and high electric 
field strength at the capillary/gel interface. The electroelution of proteins from SDS-PAGE to 
25 a membrane preconcentration cartridge within 2 hours has been reported (68). The Teflon 

tubing, which encases a polymeric preconcentration membrane, exhibits an i.d. of at least 400 
ym (68,69). Similarly, it takes 4 hours to electrophoretically elute the digested peptides from 
polyacrylamide gel to a cation exchange cartridge through a 1,500-nm-i.d. channel by 
Timperman and Aebersold (70). Another key factor contributing to the success of our 
30 electronic protein transfer technique involves the use of the large, negative electrophoretic 

mobilities of SDS-protein complexes in the electrophoresis buffer (20 mM Tris at pH 6.8). In 
contrast, acidic electrolytes, including the solutions of 20 mM ammonium acetate/1% acetic 
acid (pH 4.5) and 0.05% trifluoroacetic acid/10% acetonitrile, are utilized by Clarke (68) and 
Timperman (70) for positively charging the analytes. 
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The electric field at the extraction end is approximately inversely proportional to the 
outer radius of the channel. In one embodiment, The outer diameter of a capillary is etched 
down using the same procedure for the fabrication of nanoelectrospray emitters (73). Briefly, 
the polyimide coating on the outer capillary surface is removed, followed by etching the end 
5 of the capillary in a 30% hydrofluoric acid solution. A nitrogen flow is introduced into the 
capillary to prevent hydrofluoric acid from etching the inner capillary wall and the inner 
polyacrylamide coating. The extent of etching is determined by the etching time, typically 
around 20 minutes to 1 hour. 

The technique harnesses electrophoretic forces to mobilize proteins from the gel and 
1 0 concentrate them in the capillary tip. The small dimensions of fused-silica capillaries not only 
allow the application of high electric voltages during electrophoretic extraction for rapid and 
b quantitative protein transfer, but also offer the promise of providing the high resolution 
% analysis of overlapping protein spots on polyacrylamide gels. Furthermore, the presence of 
N sample stacking (13,14,15,16) and the absence of electroosmotic pumping (an electrically- 
yl5 driven pump originated from negatively charged silica surface for bulk solution movement) in 
^ the coated capillary contribute to significant increase in protein concentration inside a narrow 
P solution plug during protein extraction 

H; Use of the Apparatus of the Present Invention in Conjunction with Mass 

Q Spectrometry 

20 The methods and the instruments of the present invention developed for performing 

electronic protein transfer can be utilized in conjunction with a mass spectrometer for further 
analysis of the extracted proteins. When used in conjunction with mass spectrometry, the 
apparatus of the present invention can be equipped with laser-induced fluorescence detection 
(LIFD) and/or a ju-trypsin membrane reactor. These bioanalytical tools will provide much 

25 greater speed, throughput, and sensitivity for linking 2-D PAGE with mass spectrometry 
analysis than existing technology. These tools are particularly useful for the study of 
organisms having fully sequenced genomes, and will both identify proteins (and their 
modifications in many cases) as well as provide quantitative measurements of expression 
levels. The ability to rapidly monitor a large array of proteins will allow cancerous cells to be 

30 distinguished from normal cells at the molecular level and enable the system level 

understanding of the complex molecular events and interactions underlying the development 
of cancers. 

Integration of Gel Protein Extraction Fluidic Channels 
with (^-Trypsin Membrane Reactor and Mass Spectrometry 
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As illustrated in Fig. 2, in some embodiments, the present apparatus can combine a 
fluidic channel gel protein extraction apparatus with a newly developed ji-trypsin membrane 
reactor (23), a microdialysis junction, and ESI-MS. Such an apparatus provides an integrated 
5 platform for rapid digestion of extracted protein and sensitive identification of protein digest 
using peptide mass mapping, (18) or MS/MS of peptide fragments (19,20,21,22). The 
integrated system together with an ion trap mass spectrometer allows direct identification of 
proteins separated on polyacrylamide gels in an automated and on-line format while 
minimizing sample loss and analyte dilution. When electronic protein transfer and LIFD 
10 detection of extracted SDS-protein complexes are complete, the applied voltage will be turned 

off. The extraction end of the capillary is connected to a pressure source (see Fig. 2), or to a 
rj Harvard syringe pump using an Upchurch capillary fitting, for introducing extracted proteins 
Jjj into a ^-trypsin membrane reactor. The protein digest can then be directly analyzed using ESI- 
ji MS. 

y 5 The miniaturized trypsin membrane reactor, which can be placed within the fluidic 

s channel of the apparatus, is constructed by first fabricating micro fluidic channels on 
u polydimethylsiloxane (PDMS) substrates. Capillary molding can be employed for the 
'ft fabrication of the PDMS microchannels. A symmetrically configured membrane reactor, 

0 consisting of two aluminum plates, two glass slides, one polyvinylidene fluoride (PVDF) 

1 "20 membrane immobilized with trypsin, and two PDMS substrates containing the microchannels 

and the capillaries can be assembled. 

The porous structure of the PVDF membrane provides a large internal surface area 
(200 cm 2 of internal surface per cm 2 of frontal surface) for protein immobilization. The 
measured immobilization capacity for trypsin is around 200 jag/cm 2 of frontal surface and is in 

25 good agreement with those reported by the manufacturer for insulin and goat IgG, ranging 
from 85 jig/cm 2 to 294 ng/cm 2 . The extent of protein digestion inside the membrane reactor 
can be controlled by various factors including the protein residence time, the protein 
concentration, the reaction temperature, and the membrane pore diameter. The ability to alter 
the digestion time by changing the flow rate provides a powerful means to control 

30 experimental conditions, making it possible to achieve the desired degree of digestion or to 
compensate for trypsin activity loss by decreasing the flow rate. 

The immobilized trypsin molecules are resistant to high concentrations of denaturing 
reagents and organic solvent, including 4 M urea, 2 M guanidine-HCl ? and 40% acetonitrile. 
The presence of SDS in the SDS-protein complexes does not interfere with proteolytic 
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digestion and still results in complete cytochrome C sequence coverage using a jn-trypsin 
membrane reactor. The use of a microdialysis junction, containing a typical solution of 50% 
methanol, 49% water, and 1% acetic acid (v/v/v) at pH 2.6, not only provides the electrical 
connection for inducing electrospray, but also offers buffer exchange with limited analyte 
5 dilution for enhancing the protonation and the ionization efficiency of digested peptides. The 
presence of SDS in the SDS-protein complexes provides the negative electrophoretic 
mobilities at pH employed during electronic protein transfer. The SDS detergents are also 
utilized to enhance the solubility of the proteins and will be removed or reduced in the 
microdialysis junction prior to ESI-MS analysis of digested peptides. 

10 Integrated Microfluidic Protein Gel Extraction Platform 

M; Another embodiment of the present invention, illustrated in Fig. 4, is a cartridge-based 

□ extraction system, termed Gel Protein Extraction Platform (gPEP). gPEP uses plastic 
Z\ microfluidic technology to integrate the full functionality required for protein extraction, 

LIFD, trypsin digestion, and electrospray sample dispensing for ESI-MS or MALDI-MS 
y~jl5 analysis. This prototype device is designed as a multiple-use, disposable extraction tool for 
L, providing an interface between 2-D PAGE and ESI-MS or MALDI-MS for the automated 
h* extraction and identification of extremely low-abundance proteins. The cartridge is fabricated 
m using a combination of technologies including silicon micromachining, temperature-controlled 
jrj plastic embossing, plastic metalization, and plastic-plastic thermal bonding. A schematic of 
20 the basic gPEP system is shown in Fig. 4. The assembled system in Fig. 4(b) shows the 

integration of a LIFD system for protein detection prior to proteolytic digestion in the |i- 

trypsin membrane reactor. 

A microchannel for protein extraction exits the bottom surface of the cartridge. In one 
embodiment, a small extrusion is formed at the exit point. The extrusion is optional, and is not 
25 used in all embodiments of the gPEP system. When used, the extrusion dimensions will be in 
the range of about 20-500(im in length with an inner diameter in the range of about 10-500jam. 
The channel opening is positioned on the gel protein "spot" of interest. The extrusion, when 
used, helps to ensure sufficient contact between the gel and microchannel, while preventing 
the cartridge body from touching other parts of the gel which could lead to contamination. 

30 An electrode embedded within the cartridge near the tip of the extraction channel 

provides high-voltage biasing of buffer solution within the channel to generate the desired 
electric field at the tip, initiating the extraction of protein from the gel. This electrode can be 
formed by integrating thin or thick conductive films directly into the plastic substrate, or by 
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making electrical contact using an external electrode positioned in a fluid reservoir containing 
a solution in electrical contact with fluid in the extraction channel. After concentrating the 
extracted proteins within the microchannel, a pressure-driven pump is attached to the inlet, 
moving the sample further into the extraction channel. Alternately, the proteins can be 
5 mobilized using electrokinetic methods. The extracted proteins can be digested by forcing the 
solution through an integrated u-trypsin membrane reactor positioned at the terminal end of 
the first microchannel, with the resulting peptides mobilized down a second microchannel on 
the opposite side of the membrane reactor, where they are expelled from the cartridge using 
electrospray dispensing (30,31). Alternately, the proteins can be digested by trypsin or similar 
1 0 enzymes in solution within the extraction microchannel. Alternately, they may be digested 
prior to entering the extraction tip using a trypsin membrane positioned between the gel and 

S extraction tip. Alternately, they may be digested using trypsin immobilized on beads, on posts, 

U or j n a g e i located within the microchannel. 

J1 The high voltage at the channel exit needed for electrospray is generated by a second 

U 11 5 electrode in contact with the microchannel near the exit point, fabricated using the same 
7 techniques described for integration of the extraction electrode. Other techniques for 

dispensing the solution from the spray tip are also applicable, such as employing a pressure 
M pulse for mechanical spray, or dispensing by forming a droplet at the spray tip followed by 
{Fg 3 contacting the droplet with an external surface to transfer the fluid to the external surface. The 
- : ^20 sprayed solution may be directed into individual wells of a titer plate for MALDI-MS analysis, 
or directly to ESI-MS as desired. Alternately, after digestion, the peptides may be returned 
through the extraction channel and dispensed from the same orifice used for extraction. This 
last embodiment offers the benefit of requiring only a single electrode for both extraction and 
electrospray, and a single microchannel and tip opening for extraction and spraying. 

25 Polycarbonate (PC) or similar plastic material is used to form the plastic body of the 

gPEP cartridge. Polycarbonate's favorable mechanical properties, high melting temperature, 
suitability for micromachining via hot embossing, relatively low electroosmotic flow, and 
demonstrated adhesion with evaporated metal films make it a suitable substrate material. 
While there are many potential embodiments for the gPEP system, by combining permutations 

30 of the various alternatives presented above, two specific embodiments of the gPEP system are 
described here for illustration. In one embodiment, the cartridge is formed from two plates of 
PC, with the first plate housing the extraction microchannel, and the second plate housing the 
ESI microchannel and the [a-trypsin reactor membrane. The microchannels are designed so 
that all flow between the output of the extraction channel and the input of the ESI channel 
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must pass through the jn-trypsin membrane reactor. Metalization and metal patterning via 
evaporation/sputtering, photolithography and chemical etching is performed after hot 
embossing to form electrodes for protein extraction and electrospray dispensing, with the 
metal films terminating at the cartridge edge for external connections. 

5 As shown in Fig. 4, extraction microchannels which branch out at the ^.-trypsin 

membrane reactor enhance the surface area for digestion. A trypsin-immobilized membrane is 
cut into 150pm-wide strips and inserted into slots in the lower plastic plate formed during the 
initial hot embossing process. Another technique which can be used for protein immobilization 
is the use of a UV-curable hydrophobic polymer with sub-micron pore size. Such a polymer is 
10 selectively patterned within the microchannels after sealing the cartridge, and a trypsin 
M= solution flowed through the channels to impregnate the polymer through hydrophobic 
jSj interactions. 

%j The second embodiment is also formed from two plates of PC. The first plate contains 

f2 a single microchannel for protein extraction and electrospray, and the first or second plate 
yQl5 contains one or more reservoirs for fluidic access to the microchannel. Trypsin is added to the 
p electrolytic solution within the microchannel, allowing in-solution digestion of the extracted 

proteins. After preparing the solution within the microchannel, proteins are extracted from the 
fjn end of the microchannel which terminates at the side of the cartridge, with the high voltage 
51 required for extraction provided by an integrated or external electrode as described previously. 
20 After extraction, the proteins are digested by the trypsin in-solution, followed by dispensing of 

the resulting peptides from the extraction tip. 

In general, dispensing may be performed using electrospray, pressure dispensing, 
contact dispensing, or related methods. While the present invention may employ any of these 
methods, electrospray dispensing offer the advantages of being relatively simple and requiring 
25 minimal external instrumentation. 

The proposed approach to integrated electrospray dispensing is similar to a 
microchannel ESI device demonstrated by Ramsey's group (32). In their work, difficulties 
with effective ionization were experienced due to the flat tip geometry, leading to excessive 
band-broadening and sample dilution. An approach to avoid this problem was demonstrated by 
30 Oleschuk and Harrison (33), by milling a small hole at the microchannel exit and inserting a 
fused silica capillary into the hole to serve as the ESI tip. In our approach, a small protrusion is 
formed in the cartridge sidewall surrounding the electrospray tip using a hot embossing 
technique. The tip is created using a micromachined mold, which can be formed by silicon 
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micromachining, microwire electrodischarge machining, or a similar method. The mold 
structure contains a central post which, when inserted into the microchannel opening, provides 
self-alignment between the embossing mold and micro fluidic cartridge. The cartridge is 
assembled by aligning the plates and sealing the microchannels, ideally using thermally- 
5 activated direct-plastic bonding. Mechanical clamping and epoxy may also be used. 

Alignment Between Extraction Cartridges and Gel 

Ultimately, one or more extraction tips may be positioned at the desired gel protein 
spots using an automatic robotic system. In addition, a system is needed to allow convenient 
electrical and optical interconnects to the cartridge, where a cartridge is meant to describe a 
10 single element containing one or more individual protein extraction elements. A cartridge 
h& handling instrument which securely holds a cartridge, provides external electrical 
pi interconnection for the application of extraction and electrospray voltages, and applies 

pressure to the extraction tip as required to drive the extracted protein sample through the 
Si trypsin membrane reactor. The instrument may also include optical interconnects to allow 
Jjl5 LIFD detection as depicted in Fig. 4. The handling instrument is designed to allow cartridges 
JL to be readily removed and replaced as needed in an actual laboratory environment. 

H In one configuration, one or more cartridges are positioned over the gel, with the 

If] position of each cartridge controlled by an individual positioning stage. Alternately, one or 

i I 

SI more cartridges may be located within a fixed frame, and the entire frame positioned over the 
20 gel to extract through selected cartridges, with the frame repositioned over the gel as required. 
Alternately, the cartridges may be repositioned relative to the frame, and the frame controlled 
by translational and/or rotational stages to provide additional flexibility in positioning the 
cartridges over the desired gel spots. In another configuration, the gel may be pre-cut using an 
existing robotic gel cutting system, with the cut gel sections placed in a frame so that the fixed 
25 location of each gel section is known, for example in a planar grid with equal spacing between 
rows and columns of gel sections. One or more extraction cartridges placed in a second frame, 
with each cartridge fixed in the frame with the same spacing as the gel sections, is then placed 
over the gel frame for extraction. Since the positions of the gel sections and extraction 
cartridges are predetermined, no robotic alignment is required in this configuration. 

30 The invention will be further described in the following examples, which do not limit the 

scope of the invention described in the claims. The following examples illustrate various 
embodiments and uses of the apparatus of the present invention. 
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EXAMPLES 



Example 1 

5 As shown in Fig. 3, a protein loading of 100 ng of SDS-cytochrome C complex is 

extracted from polyacrylamide gel and monitored by UV absorbance at 280 nm. The results 
are compared with capillary zone electrophoresis (CZE) of protein sample containing SDS- 
cytochrome C complex with a concentration of 0.5 mg/ml. Thus, the concentration of 
extracted SDS-cytochrome C complex is estimated to be around 0.25 mg/ml inside a solution 
10 plug of 50-100 nL. The migration time of extracted cytochrome C complex to reach the UV 
detector is approximately 7.4 minutes and slightly longer than that obtained from CZE. UV 
absorbance detection scarcely reveals the presence of coomassie blue at 280 nm, while at 214 
D nm a broad peak is noticed prior to protein complexes. 

HF Based on our estimations regarding the concentration (0.25 mg/ml) and the volume (50- 

"•'■=4 

Si 15 100 nL) of extracted cytochrome C complex, approximately 12.5 - 25% of cytochrome C from 

u 2 a protein loading of 100 ng is recovered within 2 minutes of electronic protein transfer. The 

s degree of recovery can be increased by increasing the extraction time. This is evidenced by 

p the increase in protein peak width with increasing extraction time. 

fU 20 Example 2 

The results summarized in Chart 1 further demonstrate the ability to rapidly transfer the 
SDS-cytochrome C complex over a wide range of protein loading, from 5 pig to 50 ng. Peak 
height of extracted protein complexes decreases with decreasing protein loading on 
polyacrylamide gel. However, the extent of decrease in peak height is reduced at low protein 

25 loadings as the size of a protein spot shrinks with decreased protein loading. The results also 
demonstrate the ability to extract higher molecular weight proteins such as ovalbumin and p- 
galactosidase with molecular mass around 45 and 116 kDa, respectively. The peak heights of 
extracted ovalbumin and p-galactosidase from a gradient gel are about half of those measured 
from cytochrome C at various protein loadings. However, the UV absorbance of denatured 

30 cytochrome C measured at 280 nm is two and four times of those obtained from p- 
galactosidase and ovalbumin at the same weight concentration, respectively. 
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Chart 1 Dependence of peak heights of extracted proteins upon protein mass loadings. 



Example 3 

Denatured and reconstituted cytochrome C at a concentration of 1 mg/ml is introduced 
into a ^-trypsin membrane reactor at sample flow rates of 03, 0.2, and 0.1 jil/min. The 
corresponding digestion times inside the membrane reactor are 3, 5, and 10 minutes, 
respectively. At room temperature, various degrees of the cytochrome C digestion are 
observed from partial digestion at 0.3 ^1/min to near complete digestion at 0.1 nl/min (see 
Chart 2). Presence of the cytochrome C envelope is quite obvious at a flow rate of 0.3 jul/min. 
In comparison with solution-based trypsin digestion, the membrane digestion is at least 500- 
1000 times faster than solution digestion and exhibits the advantage of avoiding autolytic 
interferences from the proteolytic enzyme in the mass spectra. 

To investigate the effect of reaction temperature on protein digestion, the membrane 
reactor is placed on top of a hot plate. The ambient temperature surrounding the membrane 
reactor is increased to 40 and 50 °C while the sample flow rate is held constant at 0.3 ^1/min. 
By comparing the results shown in Charts 2A, 3 A, and 3B, the number of identified peptide 
peaks and the degree of cytochrome C digestion at a concentration of 1 mg/ml clearly increase 
with increasing reaction temperature. 
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The extent of protein digestion at room temperature increases significantly by reducing 
the cytochrome C concentration from 1 mg/ml (see Chart 2A) to 0.1 mg/ml (see Chart 4A), 
and even further to 10 jag/ml (see Chart 4B) at a sample flow rate of 03 |J/min. In fact, 
complete coverage of the cytochrome C peptides at a concentration of 10 jig/ml can be 
achieved at a flow rate as high as 1.5 ^l/min, corresponding to a digestion time of only 36 
seconds. By simply reducing the membrane pore diameter from 0.45 jam to 0.1 fim, the total 
membrane surface area available for trypsin immobilization and the immobilization capacity 
for trypsin are increased by a factor of four. Based on the extremely high local trypsin 
concentration inside the membrane reactor, complete digestion of cytochrome C at a 
concentration of 1 mg/ml is achieved at a sample flow rate as high as 1 .0 jil/min. Due to a 
thicker membrane (1 80 jim thickness for the PVDF membrane with a pore diameter of 0. 1 
pan), this flow rate corresponds to a digestion time of 75 seconds at room temperature. The 
narrow pore diameter in the submicron range not only exhibits large surface area to volume 
ratio for protein immobilization, but also eliminates the constraints of diffusion-limited 
reaction kinetics. 
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Chart 2 Flow rate dependence of trypsin digestion in a PVDF membrane with a pore diameter 
of 0.45 urn: (A) 0.3 nl/min, (B) 0.2 nl/min, and (C) 0.1 nl/min. 
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Chart 3 Reaction temperature dependence of trypsin digestion in a PVDF membrane at 
sample flow rate of 0.3 nl/min: (A) 40 °C and (B) 50 °C. 
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Chart 4 Protein concentration dependence of trypsin digestion in a PVDF membrane at room 
temperature and a sample flow rate of 0.3 ul/min: (A) 0.1 mg/ml and (B) 10 jig/ml. 

5 Example 4 

Our results (see Chart 5) illustrate the promise of an integrated platform for rapid and 
sensitive identification of proteins resolved on polyacrylamide gels. The gel protein capillary 
extraction apparatus was connected to a Harvard syringe pump after capillary extraction of 
SDS-cytochrome C complex from a protein loading of 100 ng was complete (see Fig. 2). The 
1 0 protein complex was introduced into a ^-trypsin membrane reactor at a flow rate of 0. 1 ul/min. 
The ESI mass spectrum demonstrates complete coverage of cytochrome C peptides. 
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Chart 5 The positive ESI mass spectrum of extracted and digested cytochrome C peptides. 



Q25 Example 5 

m The gel protein extraction apparatus of the present invention can be used for many 

JrJ purposes, including analyzing the number of proteins which can be identified in a given 
genome and identifying low abundance proteins. As an example, the cell lysates from the 
30 yeast Saccharomyces Cerevisia can be analyzed with the gel protein extraction protein 

platform coupled with the ^-trypsin membrane reactor for linking 2-D PAGE with MS. In 
such an exemplary analysis, yeast cytosol will be prepared by suspending late-log phase 
Saccharomyces cerevisiae in the buffer containing 10 mM Tris (pH 8), 150 mM KC1, 1 mM 
MgCk, and 100 mM DTT. The solution will be passed through a chilled French press cell 
35 three times. Cell debris is removed by centrifugation, and cytosol is produced by ultra- 
centrifugation. Aliquots are frozen in liquid nitrogen and stored at -80 °C. Prior to usage, 
thawed cytosol is denatured and reduced in a solution containing 8 M urea, 100 mM DTT, and 
0.1 M Tris-HCl (pH 8.0). The protein solution is kept under a nitrogen atmosphere for 4 hours 
at room temperature. The denatured and reduced proteins are desalted using a PD-10 column. 

40 2-D PAGE is then performed on the proteins. The combination of various ampholytes 

are employed for the formation of both narrow and wide pH gradients for isoelectric focusing 
separation. For separating proteins from cell lysates with broadly different pis (see Chart 6), a 
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wide-range ampholyte blend will be selected, e.g. the combination of pharmalyte 3-5, 5-8, and 
8-11. 

Chart 6 Projected protein molecular weights and isoelectric points for Saccharomyces 
5 cerevisiae. 
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TZ As shown in Chart 6, the predicted pi distribution of proteins from Saccharomyces 

SlO cerevisiae is ranged between pH 4 and pH 12. Thus, very basic proteins with pis equal to or 
1 U greater than 1 1 may not be resolved or could be lost to the catholyte using the currently 

available carrier ampholytes. In situations where enhanced resolution of proteins with similar 
pi values is desired, the use of narrow range ampholyte mixtures may be employed. Narrow 
range ampholyte mixtures generating gradients spanning 1 to 3 pH units are available from 
1 5 many commercial sources. However, our experience with this approach to high resolution 
isoelectric focusing separation has been somewhat disappointing, perhaps due to the limited 
number of ampholyte species in narrow-range "cuts". One solution is to blend narrow range 
ampholytes from several manufacturers. 

In addition to being used for examining the number of yeast proteins which can be 
20 identified, the gel protein extraction apparatus coupled with the ^-trypsin membrane reactor 
for linking 2-D PAGE with MS, can also be used for the identification of low abundant 
proteins. Furthermore, "differential display" of proteomes for the comparisons of protein 
expression can be analyzed by studying the yeast culture under normal and stress conditions 
(29). Computer based methods for displaying protein distribution and relative protein 
25 expression rates measured by the Bio-Rad Fluor-S Multilmager System and LIFD can be 
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5 



established. Accordingly, the present apparatus and methods can be used to identify the 
dynamic range and the detection limit of yeast proteins 
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OTHER EMBODIMENTS 

Although particular embodiments have been disclosed herein in detail, this has been 
done by way of example for purposes of illustration only, and is not intended to be limiting 
with respect to the scope of the appended claims, which follow. In particular, it is 
contemplated by the inventors that various substitutions, alterations, and modifications may be 
made to the invention without departing from the spirit and scope of the invention as defined 
by the claims. Other aspects, advantages, and modifications considered to be within the scope 
of the following claims. 
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